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II. BIOTIC ORGANIC MATTER: PROKARYOTIC CELLS
The minimal independent self-replicating unit upon which natural selection can act is a cell (fig. 4) One of the most widespread biochemical pathways in prokaryotic organisms is CO2 fixation (fig. 1) . Atmospheric C02, probably available in sufficient quantity throughout geological time (Holland, 1966) , was combined by microorganisms into reduced carbon very early in the Precambrian. As in extant organisms, either atmospheric hydrogen gas or organic compounds must have served as sources of hydrogen atoms for the CO2 reduction. Enzymes and intermediates of the CO2 fixation "dark cycle" (Bassham and Jensen 1967), such as phosphoglyceric acid, phosphoglyceraldehyde, NADP (nicotine amide adenine dinucleotide phosphate), and ribose would have been deposited in sediments when the cells died. The presence of CO2 fixation pathways in strictly anaerobic nonphotosynthetic microbes (e.g., Clostridium and Desulfovibrio) implies that isotopic fractionation of carbon and sulfur, biological production of sulfide (H2S) from sulfate, thiosulfate and hydrogen gas, and the deposition of biologically reduced carbon, in general preceded the origin of all photosynthetic systems.
The fixation of atmospheric nitrogen by microbial cells is also a common metabolic pathway among anaerobic, nonphotosynthetic microbes (e.g., Clostridium). Microbial nitrogen incorporation into organic nitrogen-containing compounds is mediated by molybdenum ferrodoxin enzyme systems (Mortenson et al. 1968 ). Evolution of the N2 fixation system probably followed closely after the origin of the CO2 fixing pathways. Evidence for both nitrogen and carbon dioxide fixations should be found in sediments laid down before photosynthetic organisms evolved. An early biosynthetic innovation, probably selected because it protected cells from photooxidation, was the biosynthesis of isoprene derivatives. Some examples of these are the phytol chain on chlorophylls; carotenoids, vitamin A, squalene, and phycobilin. Isoprene derivatives are produced biosynthetically from acetate. Although most organisms contain isoprene derivatives, this class of compounds is always associated with photosynthetic systems, including strictly anaerobic bacterial photosyntheses.
Closely parallel to the evolution of the biosynthesis of isoprene derivatives came a major evolutionary development in microbes, one which eventually led to standard "green plant-type" photosynthetic organisms: the biosynthesis of porphyrin derivatives. These metal-chelated tetrapyrroles are found today in nearly all prokaryotic microbes. They are produced biosynthetically from 5-amino-levulinic acid, a compound derived from acetate and glycine. Porphyrin derivatives such as iron containing coenzymes (e.g., those in catalase, peroxidase, and cytochrome), the magnesium-chelated chlorophylls, and the cobalt-chelated vitamin B12 should have been deposited by microbial photosynthesizers before any oxygen-eliminating photoautotrophs evolved. The lack of porphyrins of any kind in many prokaryotic heterotrophs (e.g., some clostridia and the presence of porphyrins in their presumed relatives (e.g., some bacilli) imply that the porphyrin-synthesizing pathways evolved inside cells. Although porphyrin (as well as many other organic compounds) is yielded in small quantities in experiments simulating primitive earth conditions (Hodgson and Ponnamperuma 1968) , the deposition of most specifically identifiable porphyrin derivatives was probably biogenic.
All of the above biosynthetic capabilities in microbes must have preceded the evolution of microbial photosynthesis. The primitive bacterial photosynthesizers (as opposed to the oxygen-eliminating photosynthesis of green plants and blue green algae) presumably were the first photoautotrophs. Bacterial photosynthesis results in the formation of organic carbon; in many microbes, elemental sulfur or sulfates may be deposited as well. Gaseous oxygen is never produced as a by-product in this type of photosynthesis.
Only after the evolution of cellular systems resulting in the synthesis of the organic materials discussed above could oxygeneliminating photosynthesis have evolved. However, there is little doubt that "green plant-type" photosynthesis arose in prokaryotic cells, ancestors of present-day blue green algae (Echlin and Morris 1965), and not in higher plant cells. Microfossils which have been identified as blue green algae are found in cherts of the Gunflint Iron Formation (Barghoorn and Tyler 1965); therefore, the biological potential for atmospheric oxygen production must have been present at least 1.6-2 billion years ago. The older Bulawayan stromatolites (2.7 billion years) as well as those from the Great Slave Lake (2 billion years, P. Hoffman, oral communication 1968) were also probably formed by blue green algae.
Many prokaryotes are obligate aerobes that only survive under conditions of low oxygen tension. Studies of the metabolism of prokaryotic microbes strongly suggest that the entire group evolved in response to progressively increasing amounts of atmospheric oxygen. Many genera contain members that utilize oxygen when it is available but can utilize nitrogen instead under anaerobic conditions ( fig. 1; Prevot, 1966) . There is some evidence that the iron bacteria, which are normally aerobic, may be able to grow entirely on mineral media containing hydrated FeCO3 and CO2. Microfossils morphologically similar to certain modern iron bacteria are known from the Gunflint cherts (Schopf et al. 1965 
III. BIOTIC ORGANIC MATTER: EUKARYOTIC CELLS
According to the symbiotic theory, all eukaryotic cells arose (from the geological point of view) at the same time. Although the first mitotic-meiotic eukaryotic cells may have taken a billion years to evolve from amoeboflagellated ancestors, once mitosis and meiosis were established, tissue and organ development characteristic of eukaryotes followed soon after. The phylogeny of eukaryotes ( fig. 2) is based on the assumption that these organisms arose during the evolution of eukaryote mitosis. The appearance of all the major eukaryotic plant and animal phyla occurred after a significant accumulation of gaseous oxygen in the atmosphere, because all eukaryotic metabolism is fundamentally aerobic. The synthesis and diversification of sterols and steroids (sterane derivatives) paralleled the evolution of higher cells. These complex molecules, which involve molecular oxygen in their biosynthesis, are ubiquitously distributed in higher plant and animal tissues. Polyunsaturated hydrocarbons, such as linoleic and linolenic acids (Olson 1966) , are characteristically produced and required by aerobic eukaryotes. Thus the presence of certain steroids and polyunsaturated fatty acids in sediments might be good geochemical indicators for the presence of aerobic, eukaryotic organisms. On these grounds it is possible to question the interpretation of the discovery of sterane in early Precambrian sediments (Burlingame et al. 1965 ).
IV. BIOIIC ORGANIC MATTER: EUKARYOTIC MULTICELLULAR ORGANISMS
The record of organic evolution from the base of the Cambrian to the present consists of micro-and macrofossil forms, nearly all with indisputable affinities to extant organisms. Specific organic syntheses characteristic of these higher groups (e.g., some of the alkaloids of green plants), possibly detectable by the newer techniques of organic geochemistry, might clarify evolutionary relationships between extant and fossil forms. For example, it is known that a major class of colored compounds (the flavonoids, e.g., anthocyanin) are produced only by vascular plants. It is likely that the end products of other metabolic pathways in higher plants and animals will also be correlated with both a specific line of organisms and a significant source of selection pressure in the natural environment. Table 2 summarizes these remarks on the innovative biosynthetic pathways in major groups of organisms. The entries are ordered chronologically; tentative dates have been assigned for the sole purpose of orientation. Since potentialities to form a general class of organic compounds, once evolved, seem to persist indefinitely, any sediment at any later time should contain geologically stable derivatives of all the materials that originated below it. If eukaryotes arose by serial symbioses, a discontinuity is expected between the first seven entries and the last four. The former should be associable with prokaryotic microfossil remains, and the last four with fossils of eukaryotic organisms.
It has been argued that each of the major products of these long biosynthetic pathways (i.e., some of the entries in table 2) may have conferred the following selective advantages on organisms: nucleic acid and protein synthesis insure efficient reproduction (Rich 1962 ); porphyrins and isoprenes protect against oxygen, especially in light (Krinsky 1966 ); chlorophylls and carotenoids provide for the photoproduction of adenosine triphosphate (ATP); steroids and sterols, originally involved in the production of intracellular membranes leading to the formation of food vacuoles and effective predation, were differentiated for many different types of sexual dimorphisms; flavonoids were selected to insure outbreeding in plants.
This type of evolutionary explanation of biochemical diversity is analogous to explanations of the evolution of both terrestrial vertebrates and terrestrial green plants 
